Legumes associate with rhizobia to form nitrogen (N 2 )-fixing nodules, which is important for plant fitness [1, 2] . Medicago truncatula controls the terminal differentiation of Sinorhizobium meliloti into N 2 -fixing bacteroids by producing defensinlike nodule-specific cysteine-rich peptides (NCRs) [3, 4] . The redox state of NCRs influences some biological activities in free-living bacteria, but the relevance of redox regulation of NCRs in planta is unknown [5, 6] , although redox regulation plays a crucial role in symbiotic nitrogen fixation [7, 8] Figure S1A ). The amino-acid sequence identity between the four Trx s proteins ranged from 55% between Trx s1 and Trx s2 to 74% between Trx s1 and Trx s3 ( Figure S1B ). All these proteins had a conserved N-terminal extension predicted to act as a secretory signal. This high degree of conservation suggests a similar role for the four Trx s proteins. The phylogenetic tree constructed from the A. thaliana, M. truncatula, and Lotus japonicus Trx protein sequences ( Figure S1C ) confirmed that the Trx s type defined a distinct cluster emerging from the Trx m type, as previously reported [9] .
SUMMARY
Legumes associate with rhizobia to form nitrogen (N 2 )-fixing nodules, which is important for plant fitness [1, 2] . Medicago truncatula controls the terminal differentiation of Sinorhizobium meliloti into N 2 -fixing bacteroids by producing defensinlike nodule-specific cysteine-rich peptides (NCRs) [3, 4] . The redox state of NCRs influences some biological activities in free-living bacteria, but the relevance of redox regulation of NCRs in planta is unknown [5, 6] , although redox regulation plays a crucial role in symbiotic nitrogen fixation [7, 8] . Two thioredoxins (Trx), Trx s1 and s2, define a new type of Trx and are expressed principally in nodules [9] . Here, we show that there are four Trx s genes, two of which, Trx s1 and s3, are induced in the nodule infection zone where bacterial differentiation occurs. Trx s1 is targeted to the symbiosomes, the N 2 -fixing organelles. Trx s1 interacted with NCR247 and NCR335 and increased the cytotoxic effect of NCR335 in S. meliloti. We show that Trx s silencing impairs bacteroid growth and endoreduplication, two features of terminal bacteroid differentiation, and that the ectopic expression of Trx s1 in S. meliloti partially complements the silencing phenotype. Thus, our findings show that Trx s1 is targeted to the bacterial endosymbiont, where it controls NCR activity and bacteroid terminal differentiation. Similarly, Trxs are critical for the activation of defensins produced against infectious microbes in mammalian hosts. Therefore, our results suggest the Trx-mediated regulation of host peptides as a conserved mechanism among symbiotic and pathogenic interactions.
RESULTS AND DISCUSSION
The Trx s Family of M. truncatula Has Four Members In M. truncatula, two thioredoxin (Trx) isoforms, Trx s1 and s2, expressed principally during N 2 -fixing symbiosis, define a new type of Trx that may be specific to legumes, because no ortholog of these isoforms has been identified in the complete genomes of Arabidopsis thaliana, Oryza sativa, and Populus trichocarpa [9] . These Trxs have an atypical catalytic site and lack classical disulfide reductase activity with insulin [9] . They are also atypical in having an N-terminal signal peptide for targeting to the secretory pathway [9] .
An analysis of the new M. truncatula genome sequence data [10, 11] led to the identification of two additional Trx s genes: Trx s3 and Trx s4. Comparison with Trx s1 and Trx s2 showed that all Trx s sequences had similar structures with significant identity between their coding sequences ( Figure S1A ). The amino-acid sequence identity between the four Trx s proteins ranged from 55% between Trx s1 and Trx s2 to 74% between Trx s1 and Trx s3 ( Figure S1B ). All these proteins had a conserved N-terminal extension predicted to act as a secretory signal. This high degree of conservation suggests a similar role for the four Trx s proteins. The phylogenetic tree constructed from the A. thaliana, M. truncatula, and Lotus japonicus Trx protein sequences ( Figure S1C ) confirmed that the Trx s type defined a distinct cluster emerging from the Trx m type, as previously reported [9] .
Trx s1 and Trx s3 Are Expressed in the Nodule Infection Zone
No microarray gene expression data were available for Trx s3 and Trx s4 because these genes are absent from the Medicago truncatula Gene Atlas (MtGEA) [12] . Therefore, we used qRT-PCR to analyze Trx s expression in leaves, roots, and nodules ( Figure 1A ). Trx s1, Trx s2, Trx s3, and Trx s4 transcript levels were lower in leaves than in roots and nodules. Trx s1 and Trx s3 were more strongly expressed in nodules than in roots, with a several-hundred-fold induction. By contrast, Trx s2 transcript levels were only 3.6 times higher in nodules than in roots, while Trx s4 transcript levels were similar in roots and nodules, suggesting that this gene has no specific symbiotic role.
The spatial pattern of expression of the four Trx s was investigated in roots and nodules using promoter::uidA fusion analysis (Figure 1) . b-glucuronidase (GUS) activity from the pTrx s1::uidA fusion was observed mostly in the infection zone of 4-day-old nodules ( Figure 1C ) and mature 3-week-old nodules (II in Figure 1D) . GUS activity from the pTrx s2::uidA fusion was located mostly in root vascular tissues ( Figure 1E ) and young nodules (Figure 1F) . Moreover, GUS staining was present in the vascular tissue, the cortex, and zone I of mature nodules ( Figure 1G, asterisk) . Expression of the pTrx s3::uidA fusion was detected in root meristems ( Figure 1H ) and the infection zone of 4-day-old nodules ( Figure 1I ) and mature nodules (II in Figure 1J ). GUS expression from the pTrx s4::uidA fusion was observed mostly in root and nodule vascular tissue ( Figures 1K-1M) . Thus, the four Trx s genes have different expression patterns during nodule development. An in silico analysis of transcriptomic data for specific nodule zones confirmed the results obtained for Trx s1 and Trx s2 [13] . Interestingly, the specific expression of Trx s1 and Trx s3 in zone II suggests a role for the products of these genes in bacterial intracellular infection and/or cellular differentiation.
Trx s1 Is Localized in Symbiosomes in Mature Nodules
We focused our analysis on Trx s1, which is specifically expressed in the infection zone and for which biological tools were available. Trx s1 is a secreted protein [9] , and the secretory pathway can target proteins to the symbiosomes in nodule cells [4, 14] . Thus, we investigated whether Trx s1 was targeted to symbiosomes in M. truncatula nodules ( Figure 2 ). Constitutive expression of a translational fusion of Trx s1 with GFP yielded no clear GFP signal with the corresponding fluorescence spectrum in root nodules. However, a fraction of the symbiosomes purified from these nodules displayed a clear GFP signal (Figure 2A ). An immunofluorescence signal was also obtained for Trx s1 with a specific antibody ( Figure 2E ), in the symbiosomes, colocalized with the SYTO9 DNA probe, which stained bacteroid DNA in infected cells (Figures 2F and 2G) . Western blot analysis of nodule, bacteroid, and bacterium protein extracts with the Trx s1 antibody confirmed that Trx s1 was strongly enriched in the purified bacteroid protein extract ( Figure S2 ). Thus, Trx s1 is targeted to the bacteroids in nodules.
Multiple plant proteins or peptides are transported to symbiosomes [4, [15] [16] [17] [18] , and only Trx s1 and nodule-specific cysteinerich peptides (NCRs) are known to be localized into bacteroids. The potential transport of proteins into bacteroids is intriguing. The symbiosomes appear to have no machinery similar to TimTom and Tic-Toc [19, 20] , the systems involved in mitochondrial and plastid protein transport. Other protein import pathways must, therefore, be involved, possibly including toxin-translocation or peptide-based transport systems, such as BacA, BclA, and SbmA, which transport NCRs and other types of small proteins [3, [21] [22] [23] [24] . See also Figure S1 and Table S1 .
Trx s1 are located in this organelle in the nodule infection zone. Moreover, Trx s1 has an atypical active site motif, LCSPC, rather than the usual WCGPC motif, and has no disulfide reductase activity with insulin; it may, therefore, have a peculiar target [9] . Many NCR genes are co-expressed with Trx s1 in the infection zone, and NCRs are colocalized with Trx s1 in bacteroids. In addition, NCRs are characterized by cysteine residues involved in disulfide bridges, which modulate NCR activity [5, 6] . Finally, the Trx s family is absent from legumes like L. japonicus, which also lacks NCRs [25] . Together, these findings led us to propose that the NCRs are targets of Trx s1 in the bacteroids. There are more than 700 NCR genes specifically expressed in different nodule zones. We focused on the NCR247 and NCR335 peptides. The activity of these peptides has been characterized before [26] , and the genes encoding these peptides are expressed principally in nodule zone II and interzone II-III (Figure S3A) . We measured the redox midpoint potential (E h ) of NCR247 and NCR335 by incubating oxidized peptides in different DTT redox buffers and labeling reduced thiol groups with monobromobimane (mBBr) (Figure S3B ). At pH 7.0, E h values of À294 mV and À277 mV were obtained for NCR247 and NCR335, respectively. These peptides contain four cysteine residues each, forming two intramolecular disulfide bridges. Therefore, the observation of single sigmoids ( Figure S3B ) suggests similar redox potentials for these two disulfide bridges. These values are significantly lower than those for GSSG/GSH (oxidized glutathione/reduced glutathione) (À245 mV at pH 7.0) and similar to the value of À289 mV reported for recombinant Trx s1 [9] , suggesting that these peptides may be reduced by Trx s1 rather than GSH. We investigated whether NCRs could act as substrates of Trx s1 by incubating oxidized NCRs (NCRox) with NADPH in the presence of M. truncatula Trx reductase A (NTRA) and various amounts of Trx s1, both produced as recombinant proteins. The NCR247 thiol groups formed upon Trx s1 reduction were visualized by monobromobimane (mBBr) labeling ( Figure 3A , upper panel). Neither GSH nor NADPH/NTRA reduced NCR247ox ( Figure 3A) . By contrast, NCR247ox was reduced by incubation with NADPH, NTRA, and Trx s1. No firm conclusions could be drawn for similar experiments with NCR335ox because, for unknown reasons, the peptide was degraded in the presence of NTRA. We also analyzed the interaction of Trx s1 with NCR247 and NCR335 by producing a recombinant Trx s1 with a mutated second active-site cysteine (Trx s1m). This mutant protein is expected to form stable intermolecular disulfide complexes with its targets. Interactions between reduced Trx s1m (16 kDa) and NCR247ox (3 kDa) or NCR335ox (8 kDa) were analyzed by SDS-PAGE under nonreducing conditions ( Figure 3B ). Complexes with apparent molecular weights of 19 kDa ( Figure 3B , lane S1m 247) and 24 kDa ( Figure 3B , lane S1m 335) were detected when Trx s1m was incubated with NCR247ox and NCR335ox, respectively. Western blot analysis using an antibody directed against the histidine tag present in the recombinant protein confirms the presence of the Trx s1m in the complexes ( Figure S3C ). Addition of the reducing agent DTT led to the disappearance of Trx s1m/NCR complexes, demonstrating the redox dependence of the Trx-NCR interaction. Thus, oxidized NCR247 and NCR335 peptides are substrates of Trx s1 in vitro.
Since Trx s1 is targeted to the bacteroids, we wondered which reducing power could be used by Trx s1 in S. meliloti. Therefore, we tested whether Trxs s1 could act as a substrate for the S. meliloti Trx reductase SmTRXB using DTNB/Ellman's reagent as a final electron acceptor. As specificity controls, we also tested the reduction of MtTrx h2, a M. truncatula cytosolic Trx, by NTRA ( Figure 3C ). It is interesting to note that SmTRXB cannot reduce typical plant Trx (MtTrx h2), while it reduces Trx s1. Moreover, comparing the catalytic efficiencies, SmTRXB is more efficient in reducing Trx s1 than the plant NTRA.
The reduced NCR247 peptide (NCR247red) has a stronger bactericidal activity than that of NCR247ox [5] , and the reduction of NCR335 also significantly increased its cytotoxic activity against free-living S. meliloti ( Figure 3D ). Thus, if Trx s1 can reduce these NCRs, Trx s1 expression in S. meliloti should increase their cytotoxic activity in the bacteria. We investigated the reduction of NCRs by Trx s1 by expressing His-tagged Trx s1 in S. meliloti (Figure S3D ) and treating the recombinant bacterial strain with NCR247 and NCR335 peptides. NCR247 treatment had no effect on relative viabilities of the control and Trx s1-expressing strain. By contrast, both treatments with oxidized and reduced NCR335 significantly decreased the viability of the Trx s1-expressing strain relative to the control strain. Thus, Trx s1 increases the cytotoxicity of NCR335 in S. meliloti, suggesting that it reduces NCR335 in vivo. The difference in the E h value between NCR247 and NCR335, which is 17 mV lower for NCR247, may explain the lack of marked activation by Trx s1 in the bacteria.
The NCR247 peptide affects S. meliloti transcription, translation, and cell division at low concentrations and is antimicrobial at higher concentrations [27, 28] . The importance of the cysteine motifs diverges strikingly for the different biological activities and for the stability of NCRs [5, 6, 29] . Thus, redox adjustment of the cysteine motifs in NCRs by Trx s1, and probably also Trx s3, may contribute to the fine regulation of the different roles of some NCRs.
Trx s1 Is Important for Bacteroid Differentiation
NCRs control the differentiation of the endosymbionts into bacteroids, rather than killing them, in root nodules. The action of hundreds of peptides, each probably at a low concentration, is probably very different from that of a single peptide applied externally at high concentration. Moreover, the equilibrium between reduced and oxidized NCRs in planta may be critical.
We investigated the role of Trx s1 in symbiosis establishment and function by expressing it in S. meliloti and by reducing Trx s1 expression by gene silencing using RNAi. Nodule numbers at 7 days after inoculation were similar in control LacZ-RNAi plants inoculated by control-and Trx s1-expressing S. meliloti strains and in Trxs1-RNAi lines inoculated by the control S. meliloti strain (Figure S4A ), suggesting that Trx s1 is not involved in nodule formation. The expression of Trx s1 and Trx s3 was significantly reduced in Trxs1-RNAi nodules, compared to control LacZ-RNAi nodules ( Figure S4B ). This effect on both Trx s1 and Trx s3 expression is likely associated to their strong sequence identity and their similar spatiotemporal regulation. We assessed the importance of Trx s for nodule functioning by comparing acetylene reduction activity (ARA) in 3-week-old nodules between control-RNAi and Trxs1-RNAi plants inoculated by control-and Trx s1-expressing S. meliloti strains ( Figure 4A ). Analysis of control-RNAi plants inoculated with Trx s1-expressing S. meliloti (Trx s1-overexpressing nodules) and Trxs1-RNAi lines inoculated with control S. meliloti (Trx s1-RNAi nodules) showed that both overexpression of Trx s1 and reduced Trx s expression resulted in a significantly lower nitrogen fixation efficiency representing 60% of the nitrogen fixation measured in control-RNAi plants inoculated with control S. meliloti (control). In contrast, inoculation of Trxs1-RNAi plants with Trx s1-expressing S. meliloti resulted in an increased nitrogen fixation in the nodules (Trx s1-complemented nodules), compared to Trxs1-RNAi plants inoculated with control S. meliloti ( Figure 4A ), suggesting a partial complementation of Trx s-RNAi phenotype by Trx s1 expression in S. meliloti. On the other hand, these results also suggest that increasing Trx s1 levels by expression in S. meliloti is also detrimental for the symbiosis, potentially by perturbing the balance of reduced and oxidized NCRs in the bacteroids.
Finally, we assessed directly the importance of Trx s for bacteroid differentiation by measuring the bacteroid shape and DNA content using flow cytometry. The average size (forward scattered light; FSC), granulometry (side scattered light; SSC), and DNA content were higher in differentiated bacteroids than in bacteria ( Figure 4B ). Bacteroids extracted from Trxs1-overexpressing and Trxs1-RNAi nodules had significant lower SSC and DNA content than bacteroids from control nodules (Figures 4B and . The values shown are the means ± SD of three independent replicates. The kinetic parameters of NTRA with MtTrx s1 and MtTrx h2 were determined previously [9] . NA, no activity. (D) Colony-forming ability of Rm2011 containing pTB93G or pTB-Trx s1. This was assessed after treatment with 15 mg/mL (2 mM) NCR335ox or4C). In contrast, SSC and DNA content were not significantly reduced in Trx s1-complemented nodules compared to control nodules, suggesting a complementation of bacteroid differentiation in Trxs1-RNAi nodules by expressing Trx s1 in the bacteria (Figures 4B and 4C) .
Taken together, our results showed that the Trx s1 expression level plays a key role in bacteroid differentiation. Overexpression of Trx s1 in the bacteria impairs bacteroid endoreduplication and nitrogen fixation, showing that increasing the expression of Trx s1 is sufficient to alter bacteroid differentiation. Bacteroid differentiation is also affected in Trx s1 RNAi plants, and the phenotype is partially reversed by Trx s1 expression in the bacteria. In addition, this partial biological complementation strongly supports the hypothesis that the Trx s1 contributes to bacteroid differentiation by acting within the bacteroids. The ability of Trx s1 to interact with NCR335 and NCR247 peptides in vitro and to modify NCR335 activity in the bacteria suggests that this regulation of bacteroid differentiation occurs via Trx s1-dependent reduction of some NCRs in planta.
Antimicrobial peptide activation by Trx has been observed for human b-defensin 1 (hBD-1) [30] and a-defensin 6 (HD-6) [31] . These peptides are among the principal peptides produced by epithelia, but they have much weaker antibiotic activity than other defensins. The reduction of the hBD-1 and HD-6 disulfide bonds by Trx greatly increases their antimicrobial activity. Interplay between redox regulation and innate immune defense is, therefore, required for effective protection against bacterial infections in humans. Our results suggest that this regulatory mechanism is conserved in plants and used to regulate bacterial intracellular symbiosis.
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